The benefits of advanced glycation end-product (AGE)-restricted diets in humans are unclear. This review aimed to determine the effect of dietary AGE restriction on the inflammatory profiles of healthy adults and adults with diabetes or renal failure. Eight computer databases were searched for controlled feeding trials published in English between January 1997 and December 2012. Human trials were included if at least one group received an AGE-restricted dietary intervention. A total of 12 trials reporting on 289 participants were included in the review. Five trials (42%) were of high methodological quality. Meta-analysis of two long-term (16 week) trials provided evidence favoring an AGE-restricted diet for the reduction of 8-isoprostanes (standardized mean difference 0.9; 95% confidence interval (CI): 0.3-1.5) and tumor necrosis factor-a (1.3; 95% CI: 0.6-1.9) in healthy adults. Intermediate-term dietary AGE restriction in adults with chronic renal failure reduced serum VCAM-1 (0.9; 95% CI: 0.1-1.7). Individual trials provided some evidence that long-term dietary AGE restriction reduces HOMA-IR (1.4; 95% CI: 0.3-2.6) and AGE-modified low-density lipoprotein (2.7; 95% CI: 1.6-3.9) in adults with type 2 diabetes. Generalisability is limited, as 75% of studies were of less than 6 weeks duration and more than half were of low methodological quality. Evidence quality ranged from low to very low, limiting the conclusions that can be drawn from this review. There is currently insufficient evidence to recommend dietary AGE restriction for the alleviation of the proinflammatory milieu in healthy individuals and patients with diabetes or renal failure. Additional long-term high-quality RCTs with larger sample sizes measuring patient-important outcomes are required to strengthen the evidence supporting the effects of AGE-restricted diets. Keywords: systematic review; advanced glycation end product; dietary AGE restriction; diabetes; inflammation; humans INTRODUCTION Advanced glycation end products (AGEs) are formed endogenously when the carbonyl groups of reducing sugars nonenzymatically react with the free amino groups on proteins. AGEs are generated in vivo as a normal consequence of metabolism, but their formation is accelerated under conditions of hyperglycemia, hyperlipidemia and increased oxidative stress.
INTRODUCTION
Advanced glycation end products (AGEs) are formed endogenously when the carbonyl groups of reducing sugars nonenzymatically react with the free amino groups on proteins. AGEs are generated in vivo as a normal consequence of metabolism, but their formation is accelerated under conditions of hyperglycemia, hyperlipidemia and increased oxidative stress.
Although glucose is relatively slow in reacting with proteins, highly reactive dicarbonyl compounds (generated as a result of glucose auto-oxidation, lipid peroxidation and the interruption of glycolysis by reactive oxygen species) are capable of rapid AGE formation. Dicarbonyls such as glyoxal, methylglyoxal and 3-deoxyglucosone interact with intracellular proteins to form AGEs, and can also diffuse out of the cell and react with extracellular proteins.
Excessive AGE accumulation results in significant cellular dysfunction by inhibiting communication between cells, altering protein structure and interfering with lipid accumulation within the arterial wall. 1 Interaction of AGEs with the receptor for AGEs (RAGE) activates nuclear factor kB, triggering oxidative stress, thrombogenesis, vascular inflammation and pathological angiogenesis, 2 thereby contributing to many of the long-term complications of diabetes. More recently, AGEs have been implicated in the pathogenesis of type 2 diabetes by contributing to the development of insulin resistance and low-grade inflammation known to precede the condition. 3, 4 Apart from endogenous AGE formation, AGEs and their precursors are also absorbed by the body from exogenous sources such as cigarette smoke and through consumption of highly heated processed foods. Browning of food during cooking is used to enhance the quality, flavour, color and aroma of the diet. This process (known as the Maillard reaction) generates large quantities of AGEs. 5 Factors that enhance AGE formation in foods include high lipid and protein content, low water content during cooking, elevated pH and the application of high temperature over a short time period. More AGEs are generated in foods exposed to dry heat (grilling, frying, roasting, baking and barbecuing) than foods cooked at lower temperatures for longer time periods in the presence of higher water content (boiling, steaming, poaching, stewing or slow cooking). 6 Kinetic studies have demonstrated that approximately 10-30% of dietary AGEs consumed are intestinally absorbed, 7 with only one-third of ingested AGEs excreted in urine and feces. Plasma AGE concentration appears to be directly influenced by dietary AGE intake and the body's capacity for AGE elimination.
Low-AGE diets in animal studies have been shown to reverse insulin resistance and chronic inflammation, inhibit the progression of atherosclerosis and prevent experimental diabetic nephropathy and neuropathy, 10 but whether these results can be translated to humans is uncertain. Cross-sectional and casecontrol studies involving humans with impaired renal function or diabetes have demonstrated associations between elevated AGE intakes and serum biomarkers of oxidative stress, endothelial dysfunction, inflammation, hyperlipidemia and hyperglycemia. 11, 12 AGEs have also recently been implicated in the dysfunction and death of pancreatic beta cells, 13 leading to the hypothesis that excessive AGE formation and oxidative stress possibly have a role in the development of type 1 and type 2 diabetes. 14, 15 Low-AGE diets have been suggested as a possible future therapeutic option for healthy individuals at risk for the development of type 1 or type 2 diabetes. 16 Through reduced consumption of highly processed heattreated foods, dietary AGE restriction may represent a relatively simple, noninvasive therapy for the effective treatment of many of the metabolic disturbances attributed to excessive AGE levels. This systematic review sought to determine whether there is sufficient evidence to recommend therapeutic AGE-restricted diets in healthy or overweight individuals, people with diabetes or those with renal impairment for the prevention or attenuation of insulin resistance, the improvement of endothelial function and the reduction of biomarkers of inflammation and oxidative stress.
MATERIALS AND METHODS

Search strategy
A computer database search was undertaken for the time period between 1 January 1 1997 and 1 December 2012, using Medline, CINAHL, EMBASE, Current Contents, PubMed, Cochrane Central Register of Controlled Trials, Cochrane Database of Systematic Reviews and AMED. Databases were not searched before 1997, because the potentially deleterious effects of dietary AGE consumption was first postulated in 1997. 17 Citation tracking was performed using the ISI Web of Science for all trials identified, and the reference lists of all identified trials were hand-searched for relevant studies. The following search terms were used: (1) (diet$ OR food) and (advanced glyc$ OR glycation OR Maillard OR thermal), (2) limit 1 to year ¼ '1997-2012', (3) limit 2 to humans.
Criteria for selecting trials in this review All full reports of controlled feeding trials were eligible for inclusion if they were published in English between 1 January 1997 and 1 December 2012. Trials were included if they involved human participants aged X18 years and at least one group of participants received an AGE-restricted dietary intervention. For the purposes of this review, we defined a low-AGE dietary intervention as one that contained 30-50% of the measured AGEs or Maillard reaction products (MRPs) present in the standard or high-AGE comparison diet. Trials involving dietary restriction of AGE precursors only (such as Amadori products) were not included.
The outcomes of interest in this review were serum markers of the following: (1) insulin resistance (HOMA-IR), (2) inflammation (tumor necrosis factor-a (TNF-a)), (3) oxidative stress (8-isoprostane), (4) endothelial dysfunction (VCAM-1) and (5) increased cardiovascular disease risk (AGE-modified low-density lipoprotein (LDL)). On the basis of the duration of low-AGE dietary interventions used in the included trials, the length of follow-up of outcomes was categorized as short term (one meal to 6 days after randomization), intermediate term (1-4 weeks after randomization) or long term (more than four weeks after randomization).
Assessment of methodological quality
The two reviewers independently assessed the methodological quality of included trials using the Heyland Methodological Quality Score 18 (Supplementary Table S1 ). This checklist rates primary research based on the use of allocation concealment during randomization, intention-totreat analysis, double-blinding, patient selection with minimal risk of bias, comparability of intervention and control groups at baseline, 100% participant follow-up, clearly described treatment protocol and well-defined outcome measurements. Trials scoring X8 out of a possible 14 points are considered to be of high methodological quality. Disagreements between reviewers in assigning methodological quality scores were resolved by discussion until consensus was achieved.
Data extraction and analysis
Trial information regarding the type and number of participants, interventions used and significant findings was extracted from each study by the first author and entered into a standardized computer spreadsheet. As all extracted data were continuous, treatment effects and 95% confidence intervals (CIs) were calculated using the Hedges (adjusted-g) standardized mean difference (SMD). 19 The 'adjusted' statistic was used because it includes an adjustment for bias from small sample sizes. The SMD enables comparison of effect sizes between trials that use different outcome measures. 20 SMDs were calculated from group mean results and s.d's) collected at the time of follow-up. When mean values were not available, trial authors were contacted to provide the appropriate data. When standard errors were reported, these were converted to s.d's as per Cochrane Collaboration Guidelines. 21 SMDs were standardized so that positive values indicated effects favoring the AGE-restricted dietary intervention, and negative values were used to indicate effects favoring the standard diet. SMD values of 0.2, 0.5 and 0.8 were considered to represent small, moderate and large effect sizes, respectively. 22 
Data synthesis
Meta-analysis of pooled data was implemented in cases in which at least two trials contained similar participants (health status), intervention (low-AGE diet), comparison intervention (standard-AGE diet), outcome measures and length of follow-up. Trials with similar characteristics were assessed for statistical heterogeneity, which was indicated by a Po0.1 on the w 2 test and an I 2 statistic greater than 20%. 23 Clinically and statistically homogeneous trials (I 2 o20%) underwent a fixed-effects model metaanalysis using RevMan 5.1.
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Where meta-analysis was considered not possible because of clinical or statistical heterogeneity, effect sizes and 95% CIs were reported for outcomes within individual trials, and a narrative analysis was performed using the GRADE (Grades of Recommendation, Assessment, Development & Evaluation) approach for collating evidence in systematic reviews 25 (Supplementary Table S2 ). The GRADE criteria consider randomized controlled trials as high-quality evidence, which can be downgraded to moderate-, low-or very low-quality evidence in the event of limitations to methodological quality (defined in this review as a Heyland Methodological Quality Score o8), inconsistency of results between trials, imprecision of results due to small sample sizes and/or wide CIs, indirectness of results due to the measurement of secondary end points or a high probability of reporting bias.
RESULTS
Description of selected trials
A total of 3855 citations were originally identified at the time of the initial database search, and progressed through each stage of the selection process according to the predefined inclusion criteria (Figure 1 ). Sixteen articles reporting on 12 controlled trials including 289 participants were ultimately included in the review. 17, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] The characteristics of the included trials are outlined in Table 1 .
Of the 12 trials included in this review, 4 trials included only healthy participants, 26, 28, 29, 35 1 trial included only overweight or obese participants, 30 3 trials included only participants with type 1 or type 2 diabetes 27,31,39 and 1 trial included only participants with nondiabetic renal failure receiving peritoneal dialysis. 37 The remaining three trials included combinations of healthy participants, patients with diabetes and/or patients with chronic renal disease. 17, 38, 40 Four trials reported data on short-term low-AGE dietary interventions, 17, 29, 31, 35 five trials presented intermediateterm follow-up data 26, 28, 30, 37, 39 and three trials contained longterm follow-up data. 27, 38, 40 A variety of post-intervention outcome measures were reported by the trials in this review, including differences in serum AGE concentration, 17, 26, 27, 30, [34] [35] [36] [38] [39] [40] serum markers of insulin resistance (homeostasis model of assessment, fasting insulin, adiponectin), 26, 32, 38 indicators of inflammatory processes (C-reactive protein, TNF-a, macrophage migration inhibitory factor) 30, [37] [38] [39] [40] and oxidative stress (thiobarbituric acid reactive substances, 8-isoprostanes, leptin, nuclear factor kB). 30, 31, 35, 38, 40 Some studies measured surrogate biochemical markers of endothelial dysfunction (E-selectin, vascular cell adhesion molecule-1, intracellular adhesion molecule-1, monocyte chemoattractant protein-1), 30, 31, 37, 39, 40 cardiovascular disease risk factors (AGE-modified low-density lipoprotein, flow-mediated dilatation, plasminogen activator inhibitor-1), 27, 28, 31, 36, 39 anti-inflammatory molecules (AGE receptor 1, vitamin C, vitamin E, ubiquinol) 26, 38, 40 and plasma lipid levels. 26 Methodological quality of trials Methodological quality ratings for each trial according to the Heyland Methodological Quality Score are presented in Table 1 . Five trials (42%) were considered to be of high quality. 26, 27, 30, 31, 40 Common methodological limitations included failure to blind researchers, 17, [26] [27] [28] [29] 35, [37] [38] [39] [40] inadequate randomization 17, 28, 29, 35, 39 and failure to report an intention-to-treat analysis. 17, [26] [27] [28] [29] [30] [31] 35, 36, 38, 39 All of the trials failed to provide sample size calculations or explain methods of allocation concealment, and few commented on the validity and reliability of their chosen outcome measures. Most studies failed to clearly distinguish primary research outcomes from secondary research outcomes. 17, 26, 27, 30, 31, 36, 38, 39, 40 Two out of 12 studies stated a clear number and reason for withdrawals, 26, 36 with the remaining ten trial reports not mentioning withdrawals. Most of the trials were of limited length, with 75% of studies less than 6 weeks duration. Small sample sizes in the majority of trials resulted in outcomes with wide CIs, introducing possible uncertainties regarding the precision of the findings.
Change in serum carboxymethyl-lysine A summary of results of this review are presented in Table 2 . Ten trials measured serum carboxymethyl-lysine (CML) concentrations after individuals had received low-AGE and standard-AGE diets ( Figure 2 ). Two short-term trials of variable quality 33, 35 were unable to detect any difference in serum CML levels after a single low-AGE or standard-AGE meal, in either healthy subjects (n ¼ 9) or patients with type 2 diabetes (n ¼ 20). These results conflicted with another short-term trial, 17 which measured serum CML in a sample of patients with type 1 and type 2 diabetes (n ¼ 15).
Pooled serum samples collected for 48 h after consumption of a low-AGE meal contained substantially lower CML levels than serum collected after a high-AGE meal (SMD 1.8; 95% CI: 0.5-3.1).
The effects of intermediate-term dietary AGE restriction on serum CML levels are mixed. In one high-quality trial, 30 circulating CML levels were significantly increased after overweight but otherwise healthy volunteers (n ¼ 11) had consumed an AGErestricted diet for 2 weeks. However, another trial of lower quality 39 supported the use of a 2-week low-AGE diet in patients with diabetes to significantly reduce serum CML concentration (SMD 1.1; 95% CI: 0.2-2.0). A high-quality investigation of serum CML levels after a 4-week low-AGE intervention in 64 healthy subjects 26 demonstrated a small but nonsignificant reduction in serum CML (SMD 0.3; 95% CI: À 0.05 to 0.7). Two trials measured circulating CML concentrations in adults with renal failure after a 4-week consumption of either low-or standard-AGE diets. 38, 40 These trials were determined to be clinically and statistically homogeneous (I 2 ¼ 0%), and a meta-analysis was performed using a fixed-effect model (n ¼ 27). The pooled SMD for CML was 0.5 (95% CI: À 0.2 to 1.3), indicating a nonsignificant reduction in serum CML concentration after the low-AGE intervention.
Two trials investigated the effects of long-term (16 weeks) low-AGE diets versus standard-AGE diets on the serum CML levels of healthy volunteers. 38, 40 These trials were clinically and statistically homogeneous (I 2 ¼ 0%), and thus were subjected to meta-analysis using a fixed-effect model (n ¼ 48). The pooled SMD for serum CML was 1.2 (95% CI:0.5-1.8), indicating a statistically significant effect supporting long-term dietary AGE restriction for reducing circulating CML concentrations in healthy adults. In addition, meta-analysis was performed on two homogeneous trials (I 2 ¼ 0%) involving long-term (6-16 weeks) low or standard-AGE dietary interventions in adults (n ¼ 42) with type 2 diabetes. 27, 38 The pooled SMD for serum CML was 2.0 (95% CI: 1.2-2.8), providing low-quality evidence that long-term low-AGE diets reduce circulating CML concentrations in people with type 2 diabetes.
Healthy subjects Two trials of variable quality compared the effects of low-AGE and high-AGE diets on serum 8-isoprostanes and TNFa in healthy adult volunteers after 16 weeks. 38, 40 These trials were determined to be clinically and statistically homogeneous (I 2 ¼ 16% and I 2 ¼ 0%, respectively), and meta-analyses were performed using a fixedeffect model (n ¼ 48). The pooled SMD for serum 8 Dietary advanced glycation end-product restriction NJ Kellow and GS Savige 31 Stirban et al. 32 Stirban et al. 33 Stirban et al. was 0.9 (95% CI:0.3-1.5), indicating a statistically significant effect favoring long-term low-AGE dietary intake over standard AGE intake. Similarly, the pooled SMD for TNFa was 1.3 (95% CI: 0.6-1.9), indicating large reductions in this inflammatory cytokine after the low-AGE intervention (Figure 3) . One high-quality trial 30 involving an intermediate-term low-AGE diet in overweight/obese individuals who were otherwise healthy (2 weeks, n ¼ 11) found a small reduction in urinary 8-isoprostane excretion after the AGE-restricted diet when compared with the standard-AGE diet (SMD 0.5; 95% CI: À 0.4 to 1.3), but the difference was not statistically significant.
Low-quality evidence in one high-quality trial 40 supported the use of a long-term (16 week) AGE-restricted diet in healthy volunteers (n ¼ 30) to significantly reduce the level of VCAM-1 (a metabolic marker of endothelial dysfunction), with an SMD of 0.9 (95% CI: 0.2-1.7).
Conflicting evidence was found on the intermediate-term (4 weeks, n ¼ 64) and long-term (16 weeks, n ¼ 18) effects of low-AGE diets on insulin resistance (measured by HOMA) in healthy individuals. Findings were inconsistent among two trials, with one high-quality trial finding increased insulin sensitivity after 4 weeks, with an SMD of 3.8 (95% CI: 3.3-4.3), 26 and the other lower-quality trial finding no statistically significant effect on insulin sensitivity after 16 weeks, with an SMD of 0.7 (95% CI: À 1.6 to 0.3). 38 Patients with diabetes All included trials investigating the effect of dietary AGE restriction on patients with type 1 and/or type 2 diabetes were clinically heterogeneous, and thus meta-analyses could not be performed (Figure 3) . The results of one low-quality trial provided very lowquality evidence that a long-term (16 weeks, n ¼ 18) low-AGE diet reduced insulin resistance (measured by HOMA) in individuals with type 2 diabetes, with an SMD of 1.4 (95% CI: 0.3-2.6). 38 In one high-quality trial, 31 short-term (2 h post-prandial, n ¼ 20) comparison of low-AGE and standard-AGE meals in patients with type 2 diabetes failed to show a statistically significant difference in VCAM-1 levels, with an SMD of 0.4 (95% CI: À 0.2 to 1.0) (data not shown in Forest Plot). However, one low-quality study 39 demonstrated a large reduction in VCAM-1 after an intermediateterm (2 weeks, n ¼ 11) low-AGE diet in patients with type 1 and type 2 diabetes, with an SMD of 1.0 (95% CI: 0.1-1.9).
Two lower-quality trials 38, 39 assessed the intermediate-and long-term effects of dietary AGE restriction on TNFa in patients with diabetes. The intermediate-term intervention (2 weeks, n ¼ 11) did not show a statistically significant result (SMD 0.3; 95% CI: À 0.6 to 1.1), but the long-term intervention (16 weeks, n ¼ 18) significantly reduced serum TNFa levels (SMD 1.7; 95% CI: 0.6-2.9). The same long-term intervention significantly reduced serum 8-isoprostane levels (SMD 1.4; 95% CI: 0.3-2.5). Similarly, AGE-modified LDL (a serum marker associated with cardiovascular disease risk) was moderately reduced by an intermediate-term AGE-restricted diet (2 weeks, n ¼ 11) in people with diabetes, but the result was not statistically significant, with an SMD of 0.8 (95% CI: À 0.04 to 1.7). 39 After long-term dietary AGE restriction (6 weeks, n ¼ 24), however, the reduction in AGEmodified LDL was highly significant in a high-quality trial, with an SMD of 2.7 (95% CI: 1.6-3.9). 27 Patients with renal failure Two trials of variable quality investigated the effects of intermediate-term (4 weeks n ¼ 27) low-AGE diets versus standard-AGE diets on VCAM-1 and TNFa in patients with renal failure. 37, 40 These trials were clinically and statistically homogeneous (I 2 ¼ 0% for both variables), and thus were subjected to meta-analyses using a fixed-effect model. The pooled SMD for serum VCAM-1 was 0.9 (95% CI: 0.1-1.7), indicating a statistically significant effect favoring an intermediate-term low-AGE dietary intake on endothelial function (Figure 3) . However, the pooled SMD for TNFa after 4 weeks of a low-AGE diet was not statistically significant, 0.5 (95% CI: À 0.3 to 1.3).
A 4-week low-AGE dietary intervention 40 in nine patients with renal failure was unable to demonstrate a statistically significant reduction in serum 8-isoprostanes when compared with those receiving the standard-AGE diet: SMD, 0.2 (95% CI: À 1.1 to 1.6). Another intermediate-term (4 weeks, n ¼ 18) trial provided very low-level evidence that a 4-week low-AGE diet in people with renal failure was long enough to significantly reduce AGEmodified LDL levels, with an SMD of 1.5 (95% CI: 0.4-2.6). 37 Long-term low-AGE dietary intervention trials have not been performed in patients with renal failure.
Adverse effects of low-age diets Some AGEs (melanoidins, aminoreductones and heterocyclic compounds) demonstrate antioxidant activity, and thus their reduction in the diet may be deleterious in the longer term. One low-quality trial reported a negative consequence of an intermediate-term low-AGE diet in healthy volunteers (1 week, n ¼ 8). 28 This trial found that consumption of a diet rich in MRPs significantly increased the resistance of plasma LDL to oxidation in vitro when compared with consumption of a diet low in MRPs. Results demonstrated a negative effect of low-AGE diets on the oxidative resistance of LDL, with an SMD of À 4.4 (95% CI: À 7.1 to À 1.9). No other adverse effects of low-AGE diets were reported by the trials in this review. In contrast, one high-quality trial 26 found higher concentrations of a number of serum antioxidants after a 4-week low-AGE diet compared with a standard-AGE diet in 64 
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Increases Serum CML Concentration Reduces Serum CML Concentration Figure 2 . Effects of low-AGE diets on circulating CML concentration. Forest plot of standardised mean differences (95% CI) for individual and homogeneous pooled trials.
healthy individuals. The SMD for post-intervention vitamin C was 2.5 (95% CI: 2.1-2.9).
DISCUSSION
Efficacy of dietary age restriction
This review provides some preliminary evidence suggesting that utilization of an AGE-restricted diet might be a successful long-term intervention to reduce the body's total AGE concentration in both healthy individuals and people with type 2 diabetes. However, caution is required in the interpretation of these results. All of the individual and pooled trials showing a positive effect of low-AGE diets on reducing systemic CML levels were performed by the same research team, and while a proportion of their trials were of high quality according to the Heyland Methodological Quality Score, these studies need to be replicated by other research groups to strengthen the evidence. There has been no direct determination of the proportion of exogenous dietary AGEs or their precursors which contribute to serum CML levels, and what proportion is a result of endogenous glycation. Some studies have found that energy-restricted 41 and antioxidant-supplemented 42 (rather than AGE-restricted) diets also reduce serum CML concentrations, indicating that other factors such as body fat, circulating triglycerides and antioxidant capacity may have additional effects on serum CML levels. The rate of endogenous protein degradation and turnover is also likely to influence circulating CML concentrations. Publication bias may be a factor to consider in this particular area of research, as published crosssectional studies exist that fail to detect any correlation between dietary AGE consumption and circulating CML levels. [43] [44] [45] Other studies with similar negative findings may remain unpublished.
Finally, CML is only one of many AGEs, and further study is required to determine the effects of a low-AGE diet on other circulating AGEs and what their specific functions are.
This review found no evidence that an AGE-restricted diet reduces serum CML in individuals with renal failure. However, it is well established that kidney dysfunction impairs AGE excretion, increasing the level of circulating AGEs. 46 This review found low-quality evidence supporting adherence to a long-term low-AGE diet for the reduction of 8-isoprostanes and TNFa (biomarkers of oxidative stress and inflammation, respectively) in healthy individuals. Very low-quality evidence supports long-term dietary AGE restriction for the reduction of 8-isoprostanes in people with type 2 diabetes. These findings are consistent with large cross-sectional studies conducted in healthy individuals 10 and patients with type 2 diabetes. 12 Contradictory evidence was found in this review regarding the effect of a low-AGE diet on markers of insulin resistance (HOMA) in healthy individuals. This may be because people with a healthy body weight are generally insulin sensitive to begin with, and interventions to reduce insulin resistance are therefore of limited benefit. The evidence favoring a long-term low-AGE diet for the attenuation of insulin resistance in people with type 2 diabetes was of very low quality.
Low-quality evidence in this review supported an intermediateterm AGE-restricted diet for the reduction of VCAM-1 in patients with renal failure. The effects of dietary AGE restriction on VCAM-1 levels in people with diabetes were contradictory. A long-term AGE-restricted diet reduced VCAM-1 levels in healthy individuals compared with a standard AGE diet. This review also found low-quality evidence in favor of long-term dietary AGE restriction for the reduction of AGE-modified LDL in patients with type 2 diabetes. Very low-quality evidence supported an
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Methodological limitations of included trials
Many of the trials included in this study contained major methodological flaws, with less than half receiving high-quality scores based on the Heyland Methodological Quality criteria. Few studies described the method of randomization used, and the method of allocation concealment was not mentioned in any of the trials. Most of the trials contained very small numbers of participants, and were likely to be underpowered. Primary research outcomes were not clearly defined in most of the trials, making it difficult to determine whether sample sizes were adequate.
Eight of the 12 trials included in this review estimated the AGE content of their test diets based on a database of the AGE content of common foods initially published by Goldberg et al., 49 and later updated by Uribarri et al. 50 This research team utilized a nonvalidated, enzyme-linked immunosorbent assay-based method for the measurement of CML in foodstuffs. Immunological methods of AGE measurement have been associated with some limitations, as the assays are capable of detecting additional contaminants that are unrelated to the ligand of interest. 51 An additional disadvantage of this indirect, enzymelinked immunosorbent assay method is that it only allows the AGE concentration in foods to be expressed in arbitrary units (kilounits AGE), making comparisons with other analytical techniques impossible. There is a need for all researchers in this field to use standardized, validated measurement tools for the assessment of the AGE concentration in foods. Liquid chromatography-mass spectrometry methods appear to be highly sensitive techniques for AGE quantification, 52, 53 and would enable comparisons of results to be made between different laboratories.
Apart from AGEs, multiple other RAGE ligands exist and opinion is divided over the binding affinity of dietary AGEs for RAGE in vivo. 54 Only highly glycated proteins appear to successfully bind to and activate RAGE in vitro, 55 with the low-molecular-weight AGEs absorbed into the circulation after digestion of a high-AGE meal unlikely to interact with RAGE. Although post-absorptive dietary AGE precursors may modify endogenous proteins in order to form high-molecular-weight compounds capable of RAGE binding, this has not yet been determined. Elevations in postprandial hyperglycemia appear to be sufficient to increase the expression of nuclear factor kB 56 independent of the AGE content of the meal. 35 The majority of trials in this review measured serum CML as an indicator of circulating AGEs; however, the body's total AGE concentration is currently unknown. CML is only one of many different AGEs, most of which have not yet been characterized. Although some AGEs may have a role in cellular toxicity, others may confer beneficial antioxidant effects. Individual AGEs are also likely to have different rates of absorption and excretion. A large proportion of systemic AGEs may simply be a by-product of oxidative stress and inflammation rather than a causative factor. High-quality studies are required to provide answers to the many uncertainties surrounding the function and kinetics of AGEs.
Limitations of this review A wide variety of outcome measures were utilized by the studies included in this review, in patients with a number of different health conditions and a length of follow-up ranging from 2 h to 16 weeks. The heterogeneity among studies made it difficult to collate the findings of more than two trials for any particular outcome. Most of the evidence presented in this review was therefore derived from individual studies. More than half of the trials included in this review were determined to be of low methodological quality, with a Heyland Methodological Quality Score o8.
Because of the absence of research investigating the effects of dietary AGE restriction on patient-important primary outcomes, such as diabetes diagnosis, microvascular and macrovascular complications and quality of life, surrogate biochemical measurements (secondary end points) were evaluated in this review. Although the biochemical indices assessed in this review are considered valid metabolic markers of insulin resistance, inflammation, oxidative stress, endothelial dysfunction and cardiovascular disease risk, 57 the GRADE criteria automatically downgrades the strength of evidence favoring a particular intervention from high to medium when secondary rather than primary end points are summarized. 58 The strength of evidence from studies included in this review were further downgraded from medium to low quality by the GRADE criteria owing to their small sample sizes and wide CIs, indicating possible imprecision of results. Evidence from studies with Heyland Methodological Quality Scores o8 was also downgraded from low to very low quality because of methodological limitations. Future high-quality trials involving modulation of dietary AGE levels, which include the assessment of at least one primary outcome and the use of a priori sample size calculations, will enhance the strength of the current evidence base.
Seven of the 12 trials included in this review were undertaken by the same research group, possibly introducing similar methodological constraints into the majority of studies conducted on this topic.
Comparison with other reviews No other systematic reviews have addressed the potential health benefits of AGE-restricted diets. A review of the effects of dietary factors on low-grade inflammation in overweight individuals 59 concluded that despite many gaps in the research investigating the effects of dietary AGE consumption on chronic inflammation, 'it might be prudent to advise renal failure patients to decrease their intake of 'highly heated' food'. However, as the effects of long-term dietary AGE restriction in people with renal failure are currently unknown, further dietary restrictions may contribute to a greater and unnecessary burden in this patient group.
The evidence summarized in this review suggests that patients with diabetes could potentially reduce their level of insulin resistance, systemic inflammation and oxidative stress and their risk of cardiovascular events by adhering to a long-term low-AGE diet. The minimization of MRP formation during food preparation and cooking is a simple, inexpensive and noninvasive intervention that could potentially alleviate significant diabetes-related morbidity. Preventing excessive heat treatment of food is also in line with current anticancer recommendations for restricting the consumption of heterocyclic amines and polycyclic aromatic hydrocarbons. 60 At present, however, it cannot be ruled out that the health benefits associated with reduced consumption of highly heated food may simply be a result of an increased intake of antioxidants (which would have otherwise been destroyed during the cooking process), or avoidance of deleterious compounds other than AGEs, which are generated during thermal processing such as acrylamide or heterocyclic amines. There is a need for well-designed controlled feeding trials that evaluate effects of the consumption of dietary AGEs and their precursors in purified forms, in order to rule out contributions made by other macronutrients and micronutrients in whole foods.
Reviewers' conclusions Current evidence supporting the efficacy of medium-to long-term dietary AGE restriction for alleviating the proinflammatory milieu in healthy individuals and patients with diabetes or renal failure is of low quality. Additional long-term high-quality RCTs with larger sample sizes measuring patient-important primary end points are required to strengthen the evidence supporting the effects of low-AGE diets. Further studies utilizing standardized methods of AGE measurement are needed to elucidate the role of specific AGEs in cellular dysfunction, and explore possible adverse effects of low-AGE diets in the long term.
Although it is likely that future research findings will support the use of dietary AGE restriction as a therapeutic strategy to assist in the management of adults with prediabetes, diabetes and renal impairment, there is currently insufficient evidence to encourage the use of AGE-restricted diets in mainstream nutrition practice. More information is required regarding the digestion, absorption, function and elimination of dietary AGEs in their pure form, along with standardized, validated tools for the measurement of deleterious AGEs in foods.
